Infinite dilution activity coefficients (γ∞) were measured at 298 K for 13 different aliphatic hydrocarbons (alkanes, cycloalkanes, alkenes), 12 different aromatic compounds (benzene, alkylbenzenes, halobenzenes, naphthalene), and 2-chloro-2-methylpropane dissolved in 2-ethoxyethanol, along with solubilities for 11 crystalline organic compounds (xanthene, phenothiazine, acenaphthene, diphenyl sulfone, 3,5-dinitro-2-methylbenzoic acid, 3-chlorobenzoic acid, 2-methylbenzoic acid, 4-chloro-3-nitrobenzoic acid, 3,5-dinitrobenzoic acid, benzil, and thioxanthen-9-one) dissolved in 2-ethoxyethanol at 298 K. The experimental values were converted to gas-to-2-ethoxyethanol partition coefficients, water-to-2-ethoxyethanol partition coefficients, and molar solubility ratios using standard thermodynamic relationships.
Introduction
Hydrogen-bonding has received considerable attention over the years due to its role in determining solubilities, molecular shapes and spectral properties of biomolecules dissolved in fluid solution. Hydrogen-bonding interactions can be intermolecular or intramolecular in nature, and generally results from the electrostatic attraction between a hydrogen atom bonded to a highly electronegative element (e.g., bonded to a nitrogen, oxygen or fluorine atom) and a lone electron pair residing on a nearby electronegative atom or group. C-H · · · ·Y (Y = lone-pair electron donor) interactions have also been classified as hydrogen-bonds, with the strength increasing when the C-H bond is in close proximity of electronegative atoms that are capable of withdrawing electron density from the hydrogen atom. The first ever established C-H · · · ·Y hydrogen-bond involved the participation of the acidic C-H group in the chloroform molecule. To date we have published correlations for describing the solubility and partitioning behavior of solutes into inert solvents (hexane -hexadecane [2, 3] , cyclohexane [2] , methylcyclohexane [2] , and isooctane [4] ), into several alkylbenzene [2, 5, 6] and halobenzene [7] solvents, into several aprotic H-bond acceptor solvents (dibutyl ether [2] , diethyl ether [2] , diisopropyl ether [8] , 1,4-dioxane [9] , tetrahydrofuran [9] , acetone [10] , butanone [10] , cyclohexanone [10] , methyl acetate [11] , ethyl acetate [11] , butyl acetate [11] , tributyl phosphate [12] and dimethyl sulfoxide [2] ), and into several protic alcohol solvents (methanol -decanol [2, 13], 2-propanol [2, 14] , 2-butanol [2, 14] , 2-methyl-1-propanol [2, 14] , 2-methyl-2-propanol [2, 14] , ethylene glycol [2, 15] and propylene glycol [16] ) that possess both H-bond donor and Hbond acceptor character. In total we have reported correlations for more than 80 common organic solvents [2] , for more than 35 different ionic liquids , and for aqueous micellar sodium dodecylsulfate [38] and aqueous micellar cetyltrimethylammonium bromide [39] solvent media. In the present communication we are extending our considerations to include 2-ethoxyethanol, which contains both an ether (R-O-R) and hydroxyl (R-OH) functional group.
Infinite dilution activity coefficients (γ∞) were measured at 298 K for 13 different aliphatic hydrocarbons (alkanes, cycloalkanes, alkenes), 12 different aromatic compounds (benzene, alkylbenzenes, halobenzenes, naphthalene), and 2-chloro-2-methylpropane dissolved in 2-ethoxyethanol using a gas chromatographic headspace analysis method, and gas-to-liquid partition coefficients (K) were calculated using these results and saturated vapor pressures of solutes taken from literature. As part of this study solubilities were also measured for xanthene, phenothiazine, acenaphthene, diphenyl sulfone, 3,5-dinitro-2-methylbenzoic acid, 3-chlorobenzoic acid, 2-methylbenzoic acid, 4-chloro-3-nitrobenzoic acid, 3,5-dinitrobenzoic acid, benzil, and thioxanthen-9-one dissolved in 2-ethoxyethanol at 298 K. The measured partition coefficients, combined with published infinite dilution activity coefficient data for liquid organic compounds [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , gas solubility data for 2-methylpropane [53] and hydrogen gas [54] , and solubility data for crystalline nonelectrolyte organic compounds [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] dissolved in 2-ethoxyethanol, were used to derive Abraham model correlations for both water-to-2-ethoxyethanol partition coefficients (as log P) and gas-to-2-ethoxyethanol partition coefficients (as log K).
Experimental Methods

Gas Chromatographic Headspace Measurements
Limiting activity coefficients of low polar liquid organic compounds in 2-ethoxyethanol were measured using PerkinElmer Clarus 580 chromatograph with a headspace autosampler. The autosampler takes portions of equilibrium vapor phase from sealed thermostated vials (22 ml glass vials containing 5 ml of liquid). In two sequential experiments with pure liquid solute and its solution in 2-ethoxyethanol, the areas of the chromatographic peaks of the solute are proportional to its saturated vapor pressure sat p and the vapor pressure p over solution respectively. The activity coefficient of the solute  is given by
 , where x is the equilibrium molar fraction of a solute in the liquid phase. To obtain the value of x, we subtracted the quantity of solute evaporated into the equilibrium gas phase from the quantity of solute initially added into a vial [67] . To determine the limiting activity coefficient   , we measured activity coefficients at 3-4 different concentrations of a solute in the range of 0.1-1.5 vol % and repeated 2 times for each concentration. Since the considered solutes form no dimers or other associates, it is likely that at such concentrations the solutions behave like infinitely diluted ones. This was confirmed experimentally by the absence of concentration dependence of the activity coefficients. Gas-to-liquid partition coefficients K can be calculated using a formula Results are presented in Table 1 .
Comparison with the VLE data for the mixtures of hexane, heptane, and cyclohexane with 2-ethoxyethanol at 303 and 323 K (Carmona et al. [40] ) shows that our limiting activity coefficients are 7-12% lower than the values extrapolated to 298K using the results of that study.
However, the lowest concentrations of hydrocarbons at which authors conducted their measurements were 3 and 6 mol %. This corresponds to 3.3 -9 vol % of a hydrocarbon, and is certainly not at infinite dilution. Extrapolation to zero concentration made by authors [40] is likely to lead to the overestimation of   .
Comparison with the previously reported Gibbs free energies of solvation in 2- This correlation is shown in Figure 1 . For all the considered solutes the Gibbs free energy of solvation in 2-ethoxyethanol is lower than in 2-methoxyethanol, and for aliphatic compounds this difference is larger than for aromatic. %), and thioxanthen-9-one (Aldrich, 98 %) were purchased from commercial sources. Xanthene, acenaphthene, diphenyl sulfone, thioxanthen-9-one and benzil were recrystallized several times from anhydrous methanol prior to use. The remaining six solutes were used as received. 2-Ethoxyethanol (Aldrich, 99 %) was stored over molecular sieves and distilled shortly before use.
Gas chromatographic analysis showed that the purity of 2-ethoxyethanol was 99.8 mass percent.
Excess solute and 2-ethoxyethanol were placed in amber glass bottles and allowed to equilibrate in a constant temperature water bath at 298.15 ± 0.1K for at least 3 days with periodic agitation. After equilibrium, the samples stood unagitated for several hours in the constant temperature bath to allow any finely dispersed particles to settle. Attainment of equilibrium was verified by both repetitive measurements the following day (or sometimes after 2 days) and by approaching equilibrium from supersaturation by pre-equilibrating the solution at a slightly higher temperature. Table 2 for the 11 organic solutes for which solubility measurements were made.
Numerical values represent the average of between four and eight independent determinations, and were reproducible to within ±1.5%. 
Results and Discussion
The Abraham solvation parameter model is among the more popular of the quantitative structure-property relationships (QSPRs) and linear free energy relationships (LFERs) proposed in the last 25 years. Unlike many of the other models proposed models that use a different set of solute descriptors for different partitioning processes, the Abraham model uses a common set of solute descriptors (E, S, A, B, V and L) for all types solute transfer processes, including solute transfer into an organic solvent from water, from another organic solvent, and from the gas phase. The basic model consists of two LFERs that describe solute transfer of electrically neutral molecules between two condensed phases:
and solute transfer into a condensed phase from the gas phase:
where SP denotes some property of a series of solutes in a given solvent, a given partitioning system, or a given biological or pharmaceutical process.
In the present communication SP refers to the logarithm of the solute's water-to-organic solvent (log P), or the logarithm of the ratio of the solute's molar solubility in two solvents or phases, log (CS,organic/CS,water) (eqn. 1) and the gas-to-organic solvent (log K) partition coefficient log (CS,organic/CS,gas) (eqn. 2). In these equations, CS,organic and CS,water are the solute's molar solubility in the organic solvent and water, respectively, and CS,gas is a molar gas phase concentration calculable from the solute's vapor pressure. In other published studies SP has referred to the logarithm of the solute's blood-to-body organ/tissue partition coefficient [80] [81] [82] [83] [84] and logarithm of the solute's gas-to-body organ/tissue partition coefficient [80] [81] [82] [83] [84] , median lethal concentration of an organic compound in aquatic toxicity studies [85] [86] [87] , enthalpy of solvation of the solute in water and in organic solvents [88] [89] [90] , biological responses (eye irritation [91, 92] , nasal pungency [91, 93] , minimum alveolar concentration on inhalation anesthesia in rats [94] , and convulsant activity of gases and vapors [95] ) and skin permeation of organic solvents and pharmaceutical compounds from aqueous solution [96, 97] . Assembled in Table 3 are the experimental partition coefficients and solubility ratios for a chemically diverse set of 76 solutes dissolved in 2-ethoxyethanol. For hexane, heptane, and cyclohexane we have elected to use our measured log K values at 298 K in the data treatment rather than the extrapolated values based on the published log K data of Carmona et al. [40] . As noted above, the data of Carmona et al. was measured at a slightly higher temperature, and to remove any uncertainty associated with extrapolating the values to a slightly lower temperature we have chosen to use the values that were measured at 298 K. In the case of the liquid solutes, the experimental partition coefficients were calculated from measured infinite dilution activity coefficient data (γsolute ∞ ) using standard thermodynamic relationships:
where R is the universal gas constant, T is the system temperature, Psolute o is the vapor pressure of the solute at T, and Vsolvent is the molar volume of the solvent. This definition of K is the same as K = Cs solvent/Cs gas so if concentrations are measured in the same units in solution and the gas phase, say in mol/L, then K is dimensionless. The calculation of log P requires knowledge of the solute's gas phase partition coefficient into water, Kw, which is available for all of the liquid organic compounds considered in the present communication.
In the case of crystalline solutes, the tabulated numerical values in Table 3 Table 3 . Also given in Table 3 are the molecular solute descriptors for all solutes considered in this study. The tabulated values came from our solute descriptor database and are all based on experimental partition coefficient, molar solubility ratios, and chromatographic retention factor data. Regression analysis of the 76 experimental log P values and 76 log K values in Table 3 yielded the following two Abraham model correlations. comparison of the back-calculated versus measured log (P or CS,organic/CS,water) data is depicted in Figure 3 for values that cover a range of about 11.04 log units. As expected the standard deviation for the log (P or CS,organic/CS,water) correlation is slightly larger than that of the log (K or CS,organic/CS,gas) correlations because the log (P or CS,organic/CS,water) values contain the additional experimental uncertainty in the gas-to-water partition coefficients used in the log (K or CS,organic/CS,gas) to log (P or CS,organic/CS,water) conversion. Table 4 for eqns. 7 -12. Examination of the numerical AE values in the last column of Table 4 shows that there is very little bias associated with the derived training set correlations. The training and test set analyses were performed three more times with very similar results. Each time the large 76 compound database was randomized prior to separating the compounds into the smaller A, B, and C datasets. It is possible to compare the regression coefficients of eq 6 for 2-ethoxyethanol with the previously reported coefficients in similar equations for other solvents. 1-Butanol has the same number of carbon atoms and one OH-group as 2-ethoxyethanol, and is different from it by one oxygen atom. As can be seen from Table 5 , 5 of the 6 coefficients of eq 6 are very similar for 1-butanol and 2-ethoxyethanol, the only one that is significantly different is the s-coefficient, which corresponds to polar interactions. It is obvious that addition of electronegative oxygen atom increases these polar interactions. On the other hand, 2-ethoxyethanol is a derivative of ethylene glycol, which has a hydroxyl group instead of ethoxy group in its molecule. The a-and b-coefficients are much larger for ethylene glycol than for 2-ethoxyethanol, which means that the diol engages in much stronger hydrogen bonding interactions than 2-ethoxyethanol with both solute hydrogen bond acids and solute hydrogen bond bases, because of the additional OH group. 
Conclusion
The mathematical correlations derived in this study further document the applicability of the Abraham solvation parameter model to describe solute transfer between two condensed phases and solute transfer to a condensed phase from the vapor phase. The derived log (GSR or K) and log (SR or P) expressions for solutes dissolved in anhydrous 2-ethoxyethanol should provide reasonably accurate solubility ratio, GSR and SR, and partition coefficient predictions for additional organic solutes that fall in the area of predictive chemical space defined by hydrogen gas and the various organic solutes given in Table 3 . Solutes used in deriving the two 
